Abstract In this paper we study kink oscillations of coronal loops in the presence of flows. Using the thin-tube approximation we derive the general governing equation for kink oscillations of a loop with the density varying along the loop in the presence of flows. This equation remains valid even when the density and flow are time dependent. The derived equation is then used to study the effect of flows on eigenfrequencies of kink oscillations of coronal loops. The implication of the obtained results on coronal seismology is discussed.
Introduction
Since transverse oscillations of coronal loops were first observed by Transition Region and Coronal Explorer (TRACE) and subsequently interpreted as fast kink oscillations of magnetic flux tubes, the theory of kink oscillations of magnetic flux tubes remains among the hot topics in solar physics. In early theoretical studies only straight homogeneous static tubes with circular cross-sections were considered. In recent years the theory was extended in various directions. For a recent review of the theory of coronal loop kink oscillations see, e.g., Ruderman and Erdélyi (2009) .
Observations by Solar and Heliospheric Observatory (SoHO) (see Brekke, KjeldsethMoe, and Harrison, 1997; Winebarger et al., 2002) , TRACE (see Winebarger, DeLuca, and Golub, 2001 ) and more recently Hinode (see e.g. Chae et al., 2008; Ofman and Wang, 2008; Terradas et al., 2008) show that flows are ubiquitous in active region loops. Hence, it is important to study how flows in coronal loops modify the properties of kink oscillations. Gruszecki, Murawski, and Ofman (2008) have studied numerically kink oscillations of coronal loops in the presence of field-aligned flow using the slab model. Recently Terradas, Goossens, and Ballai (2010) studied the effect of flows on the period and damping rate of propagating kink oscillations in a tube homogeneous in the longitudinal direction. In this paper we aim to study the effect of flows on standing kink oscillations of a loop with the M.S. Ruderman ( ) Solar Physics and Space Plasma Research Centre (SP²RC), Department of Applied Mathematics, University of Sheffield, Hicks Building, Hounsfield Road, Sheffield, S3 7RH, UK e-mail: m.s.ruderman@sheffield.ac.uk density varying along the loop. The paper is organized as follows. In the next section we formulate the problem and write the linearized system of governing equations and boundary conditions. In Section 3 we use the thin-tube approximation to derive the general governing equation for kink oscillations in a loop with time-dependent density and flow. In Section 4 we use this equation to study kink oscillations of a magnetic tube with homogeneous stationary density and flow. In Section 5 we describe the general properties of the eigenvalue problem for kink oscillations of a tube with stationary density and flow. In Section 6 we consider a particular equilibrium with the flow confined in the tube, and we study the effect of a steady flow on the frequencies of the fundamental harmonic and first overtone of kink oscillations for this particular equilibrium. Section 7 contains the summary of the results obtained and our conclusions.
Problem Formulation
We consider kink oscillations of a thin straight magnetic flux tube with circular crosssection. The tube is not expanding, so that the cross-section radius remains constant and equal to a. The plasma density in the tube and in the surrounding plasma can vary along the tube and with time. Hence, in cylindrical coordinates r, ϕ, z with the z-axis coinciding with the tube axis the unperturbed plasma density is ρ(t, z). In addition, there is a plasma flow along the tube with the velocity U(t, z). The plasma density and velocity are related by the mass conservation equation,
We do not consider physical processes that cause the density variation, so that we do not use the momentum and energy equations for the unperturbed quantities. The unperturbed magnetic field is everywhere in the z-direction and has constant magnitude B.
To describe the plasma motion we use the ideal linearized MHD equations for a cold plasma,
Here v and b are the perturbations of the velocity and magnetic field, and μ 0 the magnetic permeability of free space. Taking into account that U = U e z and B = Be z , where e z is the unit vector in the z-direction, we obtain from Equation (2a) that v z = 0. The system of Equations (2) has to be supplemented with the boundary conditions. At the tube boundary the dynamic and kinematic boundary conditions have to be satisfied. The linearized dynamic boundary condition is that the perturbation of the magnetic pressure, P = Bb z /μ 0 , has to be continuous,
where [[f ] ] indicates the jump of a function f across the boundary. Let the equation of the perturbed tube boundary be r = a + η (t, ϕ, z) . Then the linearized kinematic boundary
